matrix components, including collagen and proteoglycans, within the fibrous cap as well as by an intensified inflammatory response resulting from an increase in the infiltration of plaque by monocytes/macrophages, lymphocytes and dendritic cells
.
The vulnerability of atherosclerotic plaque is critically dependent on many factors including endothelial cell function, inflammatory cells, cytokine production, smooth muscle cell content and cell death, including necrosis and apoptosis [1] [2] [3] [4] [5] [6] [22] [23] [24] [25] . Calcification has also been suggested as a possible indicator of plaque instability, especially as this feature of plaque can be readily detected by several imaging techniques [26] [27] [28] [29] [30] [31] . [26] [27] [28] [29] [30] [31] [32] . Intravascular ultrasound (IVUS) has been used to define sensitivity and specificity of the detection of different grades of histologic calcifications in the plaques [33] . Small 'spotty' calcifications in atherosclerotic plaques were found to be often associated with a fibrofatty plaque [34] . A strong inverse correlation has been reported between the extent of carotid plaque calcification and the intensity of plaque fibrous cap inflammation as determined by the degree of macrophage infiltration [34] . Using B-mode ultrasonography, Gorgan and colleagues [35] reported that symptomatic plaques were more echolucent and less calcified than asymptomatic plaques and were associated with a greater degree of histopathologic plaque necrosis. Rao and colleagues [29] reported that a trend towards an increase in plaque instability was seen with low amounts of calcification, but plaques with a high degree of calcification appeared to be more stable. It has been suggested that the distribution of calcified deposits thoughtout plaques, but not the degree of calcification, determines plaque stability [28, 30] . Vengrenyuk and coworkers [28] [28] .
Studies utilizing various techniques have shown that calcium deposits in carotid and coronary atherosclerotic lesions may occur in various forms
Initial stages of the formation of microcalcifications are associated with the presence of matrix vesicles in the arterial wall [36] . Matrix vesicles have been defined as extracellular membraneinvested particles frequently observed at sites of initial calcification [36] . Mineral-associated vesicles were found in human atherosclerotic arteries [37] [38] [39] as well as in arteries of rabbits fed cholesterol diets [40] [41] [42] . In a previous study, we isolated matrix vesicles from human atherosclerotic plaques and demonstrated that matrix vesicles represent a structural basis for the formation of calcified deposits [43] .
Despite [46] . In each atherosclerotic plaque, the fibrous cap, plaque core and shoulders were histologically identified as previously described [47] [11] [12] [13] [14] . The threshold thickness of 100 µm that poses an increased risk for cap rupture has been established in these studies [11] [12] [13] [14] . According to this established criteria [11] [12] [13] [14] 
Material and methods

Tissue specimens
Laser capture microdissection
In order to collect a sufficient number of representative areas from each plaque, LCM was carried out as described previously [49] . [50] , as used previously [49] . The 
Electron microscopy combined with X-ray elemental microanalysis
Non-stained ultrathin sections of LR White resin-embedded tissue specimens of plaques were subjected to elemental microanalysis using a LINK QX 200J energy dispersive X-ray microanalysis system attached to a
Hitachi H7000 electron microscope, as previously reported [51] .
Results
The (Fig. 2A-H) . Matrix vesicles were filled with granular or relatively homogenous material of various electron densities ( Fig. 2A-H (Fig. 3A-D) . Electron microscopic examination showed that some matrix vesicles in the fibrous caps of both vulnerable and stable plaques displayed signs of calcification (Fig. 4A-G) . Elemental microanalysis demonstrated that calcified matrix vesicles had a high content of calcium and phosphorus (Fig. 4H) . Some matrix vesicles were completely calcified and displayed a homogeneous, very high electron density throughout while others showed different degrees of calcification (Fig. 4A-G (Fig. 4B and C) , indicating that the formation of the microcalcifications had occurred on a structural basis of matrix vesicles. In some matrix vesicles, spicules of calcium salt crystals were associated with lamellar structures (Fig. 4D-F) , while in others, spicules of calcium salt crystals were distributed quite irregularly (Fig. 4G) 
Discussion
Plaque ruptures most often in thinning fibrous caps [1] [2] [3] [4] [5] [6] [11] [12] [13] [14] . Analysis of alterations occurring during the thinning of the fibrous cap is important [1] [2] [3] [4] [5] [6] [11] [12] [13] [14] . During recent years, a number of studies focused on the elucidation of the possible contribution of the extracellular matrix to plaque destabilization [1-6, 18, 19] [39, 41, 43] 
but no previous work has examined the possible contribution of matrix vesicles to plaque destabilization. Matrix vesicles have been isolated from human atherosclerotic lesions and arteries of experimental animals
. While there has been little study of the lipid composition of human vascular matrix vesicles, it is known that vascular matrix vesicles
Fig. 1 Histologically identifiable large and huge calcified deposits visualized by means of routine histology (A; Haematoxylin & eosin staining) and histochemistry using Alizarin red S (B-E) and von-Kossa techniques (F, G). (D) is a detail of (C). In (A, B, F and G), L, arterial lumen; FC, fibrous cap; NC, necrotic core. In (A), star indicates an area where a huge calcified deposit has been formed; this huge calcified deposit was lost during tissue sectioning. Scale bars: 400 µm (A), 250 µm (B, F), 50 µm (C, E), 150 µm (G).
contain approximately equimolar amounts of phospholipids and sterols, of which cholesteryl arachidonate comprises 2.3% [43] . [36, 52, 53] . Annexins are the main group of proteins in matrix vesicles [36] . [36] . [38] but the release of a large number of microvesicular structures into the extracellular space occurring during cell death has also been reported [54] . Bauriedel and colleagues [55] The important role of matrix vesicles in the initiation of calcification is recognized [36] [37] [38] [39] [40] [41] [42] [43] . In some circumstances, vascular smooth muscle cells promote calcification by the mechanisms similar to those occurring during growth plate mineralization [36] [37] [38] [39] [40] [41] [42] [43] . According to the current concept, the initiation of the cles undergoing calcification (A-G). In (A) Fig. E and F) . (E) [36] . Membranes of matrix vesicles contain alkaline phosphatase, which hydrolyses a variety of substrates leading to the increase in Pi local levels [58, 59] . Alkaline phosphatase activity facilitates inactivation of mineralization inhibitors such as adenosine triphosphate (ATP) and pyrophosphate ions [36, 59] . An increase in intravesicular Pi levels is thought to be partly mediated by NaPiTs, which include type III transporter glvr-1 [59] [60] [61] . Mineralization-competent matrix vesicles have been shown to contain a nucleational core composed of amorphous calcium phosphate, phosphatidylserine and annexins [36, [59] [60] [61] while mineralization-incompetent matrix vesicles lack these components [59] [60] [61] . Mineralization-competent matrix vesicles are able to locally increase calcium and Pi levels, thereby permitting crystal nucleation [59] [60] [61] . Members of the annexin family mediate calcium uptake into matrix vesicles [36, [59] [60] [61] . In the presence of elevated levels of calcium and phosphate ions, the release of mineralization-competent matrix vesicles occurs [36, [59] [60] [61] . The mineralization begins with crystal release through the matrix vesicle membrane exposing preformed hydroxyapatite crystals to the extracellular fluid [36] [1-8, 62, 63] . Ectopic calcifications have been often associated with apoptotic or necrotic processes, both of which lead to the release of a large number of membrane invested microfragments of the cytoplasm in the extracellular space [64] . It has been suggested that apoptotic bodies may proceed to calcify, depending on the local microenvironment [65, 66] . In advanced atherosclerotic plaques, matrix vesicles derived from smooth muscle cells contain BAX protein, indicating that they may be remnants of apoptotic cells [67] [65, 68] . Inhibition of apoptosis by the broad-range caspase inhibitor ZVAD-FMK reduces the extent of mineralization in culture of vascular smooth muscle cells [65] . It has been suggested that ZVAD-FMK inhibits mineralization at the level of apoptotic body release [65] .
Matrix vesicles contain bone morphogenic proteins and non-collagenous bone matrix proteins including osteopontin, osteonectin and matrix Gla protein in atherosclerotic lesions
The origin of matrix vesicles in atherosclerotic lesions is not yet well understood. In other calcified tissues, matrix vesicle biogen-© 2007 The Authors Journal compilation © 2007 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 2 Typical appearance of matrix vesicles in the fibrous cap of atherosclerotic plaque (A-H). (A-B): Matrix vesicles surrounded by two electrondense layers (lamellae) and filled with granular (A) or homogenous material (B) of medium electron density. (D-H): Matrix vesicles covered by multiple lamellae. (D) is a detail of (C). (F) is a detail of (E). (H) is a detail of (G). Transmission electron microscopy (TEM). Scale bars: 50 nm (A, B, C, E and G).
Fig. 3 Examples of images of matrix vesicles located in fibrous caps in vulnerable (A) and stable plaques (B), which were used for the quantitative analysis (see Methods section): TEM. Scale bars: 200 nm (A-B). (C): Image showing an example of laser capture microdissection of tissue samples from a fibrous cap. Scale bar: 25 µm (D): Numbers/relative densities of matrix vesicles in fibrous caps in vulnerable (A) and stable plaques (B). esis occurs by polarized budding and pinching-off of vesicles from specific regions of the outer plasma membranes of differentiating growth plate chondrocytes, osteoblasts and odontoblasts
Shedding of microvesicles from the surface of structurally intact smooth muscle cells has been demonstrated in atherosclerotic lesions
The present study is limited to the comparison of the spatial densities of matrix vesicles between thick (>100 µm) and thin (<100 µm) fibrous caps. Apart from plaque morphology [1] [2] [3] [4] [5] [6] [7] [8] , other factors such as haemodynamic forces and pharmacological modulation have been recognized as determinants of plaque stability [69] [70] [71] [72] [73] . Carotid atherosclerosis is thought to be locally modulated by haemodynamic forces of wall shear stress and circumferential wall tension, respectively representing the frictional and the perpendicular force of the blood flowing on the vascular wall [69] [70] [71] . The impact of haemodynamic forces on vulnerable plaque rupture is not well understood especially as ruptures most frequently occur in regions where computational finite element (FEM) and fluid structure interaction (FSI) models do not predict maximal stress [74] [75] [76] . Plaques rupture in the central part of the fibrous cap rather than in regions of high curvature at plaque shoulders where the models predict maximum tissue stresses [74] [75] [76] . Analysing 3D MRI images of plaques using a FSI model, Tang et al. [77] 
